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INTRODUCTION
The last few decades have seen huge research effort in the pursuit of developing novel materials with enhanced optoelectronic properties.
1 Metal-organic frameworks (MOFs), especially conjugated organometallic compounds, have attracted considerable attention due to their potential applications in the modern materials industry (e.g. photovoltaic cells, field-effect transistors, light-emitting diodes and non-linear optics). 1c,d,2 One of the most promising systems is the rigid-rod type Pt(II) poly-ynes, trans-[−Pt(P n Bu3)2−C≡C−R−C≡C−]n, where R is one of a number of aromatic, heteroaromatic or mixed-heterocycle spacer groups. 3 A particularly attractive feature of the Pt(II) poly-ynes is the ability to fine-tune their opto-electronic properties by variation of the spacer groups. 4 Whereas the spacer plays an important role in determining the physico-chemical properties of the materials, the Pt(II) ion plays a crucial role in controlling the photo-physical properties. 5 It is well known that triplet (Tx) states play an important role in the opto-electronic processes of conjugated polymers, 6 and the incorporation of Pt(II) into the polymer backbone populates the T1 excited states by intersystem crossing, allowing for light emission from the decay of these states. Synthetic flexibility and compatibility with different conjugated spacers thus together allow fine control over the photo-physical properties.
4b-e,7
Among the more electron-rich of the reported spacers used in Pt(II) poly-ynes is the carbazole unit (Chart 1). This moiety provides a rigid planar biphenyl unit within the polymer backbone, and facile functionalization via the N atom, offering the prospects of both improving polymer processability and of mediating potential inter-chain interactions in polymer films. 8 There is also considerable interest in the solid-state structures of the polymeric materials due to evidence of interchain interactions which influence their optoelectronic properties. In this context, an analysis of intermolecular interactions in the crystal structures of the ligand precursors and of suitable model complexes may lead to a better understanding of the interactions in the polymers. 9 Mono-and di-ynes are viewed as building blocks for the high molecular-weight poly-ynes, and valuable information on their properties (e.g. electronic structure and optical absorption) can be obtained by studying these model systems. Mono-and di-yne compounds are also often more easily crystallised than the corresponding poly-ynes, allowing for a detailed structural analysis, and, thus, an assessment of structure-property relationships.
9b
Several carbazole-based chromophores have been prepared, and their photophysical properties investigated in order to explore their potential applications in organic electroluminescent devices. 10 Several recent reports have also studied the incorporation of carbazole-based auxiliaries into conjugated MOFs. 8b,11 In this work, we report the synthesis and characterization of a set of acetylide-functionalized carbazole ligands and their mono-, di-, and poly-nuclear Pt(II) -acetylide complexes. The crystal structures of two acetylide ligand precursors, together with those of a mono-nuclear and di-nuclear Pt(II) σ-acetylide complexes are also reported. The optoelectronic properties are characterized, compared to those of related organometallic complexes and polymers, and investigated through computational modelling.
Chart 1
The carbazole spacer unit, with the numbering scheme adopted in this work indicated.
RESULTS AND DISCUSSION

Synthesis
Alkylation of 2,7-and 3,6-dibromo carbazoles using NaH in anhydrous DMF was performed in high yields by following the reported literature method. 12 However, the subsequent removal of DMF was found to be a tedious and time-consuming process, which also resulted in significant loss of the final products. Yang et al. alkylated phenothiazine (pKa ~ 23) using potassium tert-butoxide (KO t Bu) as the base and THF as the solvent. 13 Since carbazole has a pKa of ~ 20, we successfully applied Yang's method to alkylate carbazoles. No reaction occurred upon stirring at room temperature for [6] [7] [8] hrs, but refluxing the reaction mixture overnight gave the desired products in quantitative yield (Scheme 1). After completion of the reaction, removal of the solvent in vacuo, followed by purification using column chromatography, gave the products in very high yield, making the modified alkylation method more convenient than existing literature method. Scheme 1 Comparison of synthetic routes to alkylated carbazoles using NaH and KO t Bu.
The mono-and bis-ethynyl carbazole derivatives were synthesised by a sequence of coupling and proto-desilylation reactions (Scheme 2). A total of six trimethylsilylprotected alkynyl ligand precursors were prepared through a scheme adapted from published procedures involving a Pd II /Cu I -catalyzed cross-coupling reaction of the monobromo or dibromocarbazoles with trimethylsilylethyne in an i Pr2NH/THF solvent 4c,8b,11,14 :
2-trimethylsilylethynylcarbazole (1-TMS), 3-trimethylsilylethynylcarbazole (2-TMS), 2,7-bis(trimethylsilylethynyl)carbazole (3a-TMS), 2,7-bis(trimethylsilylethynyl)-N-(2-ethylhexyl)carbazole (3b-TMS), 3,6-bis(trimethylsilylethynyl)carbazole (4a-TMS), and
3,6-bis(trimethylsilylethynyl)-N-(2-ethylhexyl)carbazole (4b-TMS). Wong et al.
reported that alkylation at the carbazole N atom should precede the cross-coupling reaction with trimethylsilylethyne, 11a presumably due to the instability of the N-H group in i Pr2NH. However, we were able successfully to introduce trimethylsilylethynyl groups onto the non-alkylated 2,7-and 3,6-carbazoles by conducting the cross-coupling reactions in a mixture of i Pr2NH and THF.
Conversion of the protected ligand precursors into their terminal alkynes was accomplished by smooth removal of the trimethylsilyl group(s) with dilute aqueous KOH in MeOH/THF, yielding 2-ethynylcarbazole (L1), 3-ethynylcarbazole (L2), 2,7-bis(ethynyl)carbazole (L3a), 2,7-bis(ethynyl)-N-(2-ethylhexyl)carbazole (L3b), 3,6-bis(ethynyl)carbazole (L4a), and 3,6-bis(ethynyl)-N-(2-ethylhexyl)carbazole (L4b). The products were purified by silica-gel column chromatography and isolated as off-white to light-yellow solids or viscous liquids in 88 -99 % yields. The trimethylsilyl-protected mono-and bis-alkynes were stable to air and light and were characterized by infrared (IR) spectroscopy, nuclear-magnetic resonance (NMR; 1 H and 13 C), electronimpact/electrospray ionisation mass spectrometry (EI-MS/ESI-MS), and elemental analyses. The mono-and bis-terminal alkynes were found to be somewhat less stable, and hence were freshly prepared before reaction with the Pt(II) bis-phosphine dihalide complexes.
Scheme 2 Syntheses of mono-and bis-acetylide-functionalized carbazole ligands. Scheme 3 Synthesis of the mono-nuclear Pt(II) mono-and di-ynes M1-M3, incorporating carbazole-2-yl moiety.
Scheme 6
Synthesis of the Pt(II) di-ynes M9 and M10 and the corresponding poly-ynes P3 and P4.
Spectroscopic characterization
Preliminary characterization of the acetylide-functionalized carbazole ligands and their Pt(II) mono-, di-and poly-ynes was carried out using IR spectroscopy and 1 H, 13 C and 31 P NMR. The IR spectra of the Pt(II) mono-, di-and poly-yne compounds provided clear evidence for the presence of the C≡C bond from its characteristic absorption at around ~ 2095 cm -1 . 4d,e,8b,11,16 The single, sharp CC absorptions indicate a transconfiguration of the alkynyl bridging ligands around the bis(trialkynylphosphine) Pt(II) moieties. The Pt(II) mono-, di-and poly-ynes display lower νC≡C values than those of the terminal alkynes (L1-L4) which is attributed to metal-to-alkynyl ligand back bonding.
The νC≡C values for the terminal alkynes (L1-L4; 2104-2108 cm -1 ) were found to be lower than those of the trimethylsilyl-protected alkynes (1-TMS-4-TMS; 2148 -2152 cm -1 ); the fact that terminal alkynes (HC≡C─R) have lower νC≡C frequencies than their protected counterparts RC≡C─R (typically around 50 cm -1 ) is well known, and thus expected.
17
The 1 H and
13
C NMR spectra of all the compounds contained peaks corresponding to the expected alkyl, aryl and alkynyl fragments. The peak area ratios in the 1 H NMR spectra were found to agree with the feed mole ratio of the precursors for the mono-, diand poly-ynes. The IR and 31 P{ 1 H}-NMR spectral features are similar to those observed in other previously-reported Pt(II) mono-, di-and poly-ynes, 18 and indicate an all-trans configuration and hence a rigid-rod like structure. The mass-spectrometry results confirm the molecular masses expected for the acetylide ligands and the mono-and di-nuclear platinum-acetylide complexes.
Gel-permeation chromatography (GPC), calibrated against a polystyrene standard, gave weight-average molecular weights for the poly-ynes P1-P4 in the range of 17,900 -40,500 g/mol, corresponding to degrees of polymerizations (DPs) between 22
and 43. The polydispersity index (PDI) was found to vary between 1.6 and 1.9. These molecular weights should, however, be viewed with caution, due to the difficulties associated with characterizing rigid-rod polymers using GPC. This technique does not
give absolute values of the molecular weights, but rather provides a measure of hydrodynamic volume, and rod-like polymers in solution show very different hydrodynamic properties to more flexible polymers. Therefore, calibration of the GPC with a polystyrene standard is likely to artificially increase the measured molecular weights to some extent. However, the lack of discernible resonances corresponding to end groups in the NMR spectra does indicate high degree of polymerization in these polyynes.
Optical-absorption spectroscopy
The TMS-protected carbazole ligands, the ten Pt(II) complexes and the four polymers were found to be readily soluble in common organic solvents, and we therefore measured the room-temperature absorption spectra of all 20 compounds in dilute CH2Cl2 solution. Table 1 summarises absorption spectral data of the compounds.
Room-temperature absorption spectra of the 2-and 3-trimethylsilylacetylide carbazole ligands (1-TMS and 2-TMS) and corresponding mono-nuclear Pt(II) complexes (M1-M3 and M4-M6, respectively) are shown in Figure 1 .
Figure 1
Solution absorption spectra (CH2Cl2) of the 2-and 3-trimethylsilylacetylide carbazole ligands 1-TMS (a) and 2-TMS (b) , together with those of the corresponding mono-nuclear Pt(II) complexes M1-M3 (c, e, g) and M4-M6 (d, f, h) .
The spectrum of 1-TMS displays a pair of strong absorption bands at 258 and 315 nm, which overlap to form an asymmetric peak, and two weaker shoulder features at ~340 and 350 nm. In contrast, M1 displays an intense, narrow absorption band at 350 nm, with higher-energy shoulders at 330 and 310 nm. The spectra of M2 and M3 are similar in form, with both displaying broad, asymmetric peaks with maxima around 360 nm; this shape might be likened to the spectrum of M1, but with the lower-energy transitions broadened and slightly red shifted. The spectrum of M2 displays a noticeable shift in the absorption edge with respect to M1 and M3, although the low-energy absorptions in all three complexes are significantly enhanced with respect to 1-TMS. This points towards extended delocalisation in the complexes, across the Pt(II) centre and between the aromatic ligands; the red shift seen in the absorption edge of M2 and M3 compared to M1 may be explained by the higher degree of electronic delocalization possible over the two carbazole ligands in these complexes, versus the single carbazole ligand and phenyl ring in M1.
In contrast, the spectrum of 2-TMS has a sharp maximum and shoulder feature at ~280 and 290 nm, respectively, with some fine structure at longer wavelengths including two comparatively much weaker peaks around 335 and 350 nm. The considerable blue shift compared to the 2-carbazole acetylide analogue is mirrored in the spectra of the Pt(II) complexes M4-M6. As with M1-M3, complexation leads to an enhancement of the lower-energy absorption features, with the spectrum of M4 displaying sharper features than those of M5 and M6. The first absorption band in the spectrum of M4 occurs around 370 nm, but is considerably weaker than the clear peak ~ 325 nm. As for M2 and M3, the spectra of M5 and M6 consist of broad low-energy absorption peaks, but with the maxima blue shifted to at 340-350 nm. However, the absorption edge of both 3-carbazole complexes is noticeably broader than that of the 2-carbazole analogues.
We also recorded and compared room-temperature absorption spectra of the 2,7-and 3,6-functionalised TMS-protected carbazole ligands (3a/3b-TMS and 4a/4b-TMS, respectively) and the corresponding di-nuclear Pt(II) complexes (M7-M10) and polymers (P1-P4) (Figure 2 ).
Comparing Figure 2 a/b and c/d, the changes to the spectra on alkylating the N atom are subtle, but noticeable. The first absorption maximum of 3a-TMS occurs at ~325 nm, with shoulder features at 335-340 and approx. 350 nm, while the maximum of 3b-TMS was measured at 335 nm, and the shoulder features at ~360 and 380 nm. The spectrum of the alkylated 2,7-acetylide carbazole also has sharper features than the H form, particularly in the low-energy part of the spectrum, although this difference is not apparent for the 3,6-functionalised carbazoles. 4a-TMS has an absorption maximum at ~290 nm, a shoulder around 300 nm, and a weaker absorption at approx. 340 nm, whereas in the alkylated 4b-TMS the maximum and shoulders occur at 295-300 and 310/320 nm, with a pair of smaller peaks at 350 and 365 nm. For both the 2,7-and 3,6-carbazole systems, alkylation thus leads to a slight enhancement of the long-wavelength part of the absorption spectrum. The spectroscopy suggests that alkylation induces a small red shift in the absorption, although this is secondary to the significant blue shift observed between the 2,7-and 3,6-substitution patterns; the latter is analogous to the blue shift between the 2-and 3-functionalised carbazoles evident in Figure 1 , and can be understood qualitatively as a loss in electronic delocalisation in the 3,6-substituted ligand (Figure 3 ), which possesses a so-called "break junction" in the molecular structure. As per the figure, complete delocalisation across 3,6-diyl spacer is not possible without generating pentavalent carbon centres (Figure 3 , middle), which is not possible. Another possibility of delocalisation is involving the lone pair on the nitrogen atom, leading to the generation of charged centers. Overall, delocalisation was favoured in the case of 2,7-isomers, while it is less in 3,6-diyl -isomers.
Figure 2
Solution absorption spectra (CH2Cl2) of the 2,7-and 3,6-functionalized TMSprotected carbazole ligands 3a/3b-TMS (a, b) and 4a/4b-TMS (c, d) , and the corresponding dinucelar Pt(II) complexes M7-M10 (e-h) and polymers P1-P4 (i-l). The photophysical properties of M7-M9 and P1-P3 in the solid-state have been previously reported, 11f and we observed no significant differences in the band shapes and absorption maxima in thin films and solution, save for some very small shifts in band positions, which can be attributed to the differences in environment.
As for the mono-nuclear complexes, incorporation of the ligands into di-nuclear Pt(II) complexes lead to a red shift in the absorption edge. In contrast, however, the clear trend of an enhancement of the low-energy absorption, is less clear cut for M7-M10.
There is a sharp increase in intensity of the absorption edge of M8, whereas there seems to be a reduction in the intensity of the long-wavelength part of the spectrum of M7, although this is relative to the bright band at ~250 nm, and not on an absolute scale. With reference to the spectra of the protected carbazole ligands, the spectra of M9 and M10 appear to show a broadening of the sharp features in the spectra of 4a-and 4b-TMS, respectively, in addition to the apparent red shift in the feature positions. Compared to the di-nuclear complexes M7-M10, the polymers P1-P4 show a further red shift in the absorption, consistent with the extended electronic delocalization, together with a general broadening of the spectral features. The polymers also show a relative increase in longwavelength absorption, which is particularly noticeable in the cases of P2 and P4.
To summarise, from the spectroscopic characterization, we extract four general observations:
(1) the 3-and 3,6-substituted carbazoles and their complexes display a blue shifted absorption compared to the 2-and 2,7-substituted analogues, which may be attributed to a reduction in electronic delocalisation in the former ligands due to the presence of a break junction;
(2) incorporation of the carbazole spacers into Pt(II) complexes generally leads to an enhancement of the absorption in the longer-wavelength part of the profile;
(3) functionalisation of the carbazole N atom can in principle allow the absorption profile to be tuned; and (4) the polymers show a further red shift and a broadening of the absorption profiles with respect to the model di-nuclear complexes.
Extended conjugation across the metal centres in these complexes is consistent with previous results on related systems, 10a,11a,14,19 and the red shifts in the spectra of the complexes and polymers compared to those of the protected ligands, suggestive of electronic excitations between highly-delocalised states, is consistent with observations made from other Pt(II) poly-ynes incorporating carbocyclic and heterocyclic spacers. 3a,14,16a Crystal structures
In order to complement the spectroscopic characterization of the polymer precursors, we attempted to grow single crystals suitable for X-ray diffraction of several of the key precursors and intermediates in the synthesis. We were able to obtain suitable single crystals of the 2,7-and 3,6-carbazole trimethylsilyl-acetylide ligands (3a-TMS, 4a-TMS) and of the mono-and di-nuclear Pt(II) -acetylide compounds M3 and M7, and so crystallographic studies were carried out on these systems. The structures of 3a-TMS, 4a-TMS and the model compounds M3 and M7 are shown in Figure 4 -8, and key crystallographic parameters are summarised in Table 2 . (Figure 4) , which lack N functionalization, but have the 3,6-alkynyl substitution pattern, aggregate through a hydrogen bond between the N-H group and the mid-point of the C(15)≡C (16) (6); 1.202(4) Å]. In contrast, the structure of 3a-TMS ( Figure 5 ) which has the alkynyl groups at the 2,7 positions, has too much steric crowding around the N-H to allow for this interaction. All the intramolecular bond lengths and angles for both 3a-TMS and 4a-TMS lie within the expected ranges.
Molecules of 4a-TMS
The molecular structure of the mono-nuclear Pt(II) di-yne M3 is illustrated in Figure 6 . The molecule occupies a crystallographic centre of symmetry, which is coincident with the central platinum atom. This metal exhibits the trans-square planar geometry suggested by the spectroscopic characterization, which is consistent with that found in related platinum poly-yne molecules. (24)C (25)C (27)C (28) planes, and between the N(1)C (24)C (25)C (27)C (28) and C (24)C (27)C (29)C (30)C (31)C (32) planes, respectively.
The interplanar angle between Pt(1)P(1)P(2)C (13)C (19) and C(21)-C (26) is 45.7 , and that between the Pt(2)P(3)P(4)C(34)C(35) and C (24)C (27)C (29)C (30)C (31)C (32) planes is 82.9 .
The Pt-P distances average 2.286 Å, and the Pt-C(≡C) bond lengths average 2.01 Å, which is slightly shorter than the average Pt-C(Ph) bond length of 2.03 Å. These values are consistent with the geometries of related diplatinum diynes. 4d,e,8b,11a-d,16 The two acetylenic CC bond lengths average 1.21 Å, which is, again, within the expected range.
The bond parameters within the carbazole spacer group do not show any significant deviations from those reported in 3-(trimethylsilylethynyl)carbazole, 20 and are consistent with those in the mono-nuclear platinum complex trans-bis (carbazol-3-ylethynyl) 
bis-trin-butylphosphine)-platinum(II).
11e Across all four structures, the C10-C11, C11-C12 and C12-C13 bond distances in the heterocycle (numbering as in Chart 1), and the bond lengths in the C-CC groups, are the same to within experimental error. Thus, the proposed enhanced delocalisation within the carbazole-2,7-diyl derivatives compared to the 3,6-substituted analogues (Figure 3) appears to have no discernible effect on the bond lengths. The data are also consistent with previously-reported structures of Pt, Au and Hg complexes of carbazole-3,6-diyls. 
Computational modelling
To complement the optical spectroscopy, and in particular to understand the origin of the spectral changes observed between the carbazole ligands with different substitution patterns and the Pt(II) complexes, we performed gas-phase molecular quantum-chemical calculations on 1-TMS, 2-TMS, M3 and M6. 11e The four models were optimised at the hybrid density-functional theory (DFT) level of theory, and the minima were verified by computing vibrational frequencies. We then performed time-dependent DFT (TD-DFT)
calculations on these optimised models to investigate the optical properties and to characterise the electronic excitations. The computational methodology is described in detail in the Experimental section. Figure 9 shows the simulated absorption spectra of the four complexes, together with isosurface plots of the frontier highest-occupied and lowest-unoccupied molecular orbitals (HOMOs/LUMOs). The simulated spectra compare reasonably well with the corresponding solution spectra in Figure 1 , and in particular mirror the key trends observed from these measurements, viz. the red shift and stronger absorption of the 2-substituted carbazoles and their Pt(II) complexes compared to the 3-substituted analogues, and also of both Pt(II) complexes compared to the TMS-protected ligands.
Aside from some small shifts in the positions of absorption bands, a notable discrepancy between the simulated and experimentally-recorded spectra is the presence of additional fine structure (e.g. shoulders) in the latter. Two possible reasons for this are that (1) a constant peak broadening was assumed when generating the simulated spectra (see Experimental), whereas in general each state may have a different line width, and (2) low-energy singlet excitations with small oscillator strengths, of which there are several in the M3 and M6 Pt(II) complexes, could be enhanced relative to the brighter transitions at finite temperature by geometric distortions induced through thermal vibration.
Furthermore, as evident in Figure 9 , all four complexes possess low-lying triplet excitations; these are formally spin forbidden, but in principle could also contribute to small features in the spectra.
To interpret the spectroscopic activity of the four complexes, we chose to analyse the "brightest" low-energy transition in each, i.e. the excitations with the highest oscillator strengths, , among the transitions with excitation wavelengths above 300 nm. Figure 9 Simulated gas-phase absorption spectra of 1-TMS (a), 2-TMS (b), M3 (c) and M6 (d) from time-dependent density-functional theory (TD-DFT) using adiabatic B3LYP. 21 Each plot shows the simulated absorption profile obtained from the spinallowed (singlet) states (blue), with the spin-forbidden (triplet) states marked by red lines/gold stars. Isosurface plots of the highest-occupied and lowest-unoccupied molecular orbitals (HOMOs/LUMOs) for each system are shown to the right of the simulated spectra. These plots were prepared using the VESTA software. Table 3 HOMO-LUMO gaps (EH-L) and energies, wavelengths, oscillator strengths and assignments of the "brightest" low-energy transitions (λ > 300 nm) in gas-phase 1-TMS, 2-TMS, M3 and M6, obtained from time-dependent density-functional theory (TD-DFT) using adiabatic B3LYP. 21 The assignments are based on the percentage of the sum of the squared coefficients (given in brackets), and only the major components of the overall transition are listed. As can be seen clearly from the data in Table 3 , incorporation of the carbazole ligands into Pt(II) complexes leads to a red shift in the absorption energies and a substantial enhancement of the oscillator strengths, which once again mirrors the observations made from the spectroscopy. The very strong low-energy absorption at 333 nm in M3 is due to the HOMO-LUMO transition, and from inspection of the orbitals the red shift can be explained by delocalisation of the HOMO orbitals in the two carbazole ligands across the metal centre. A similar pattern is observed in M6, for which the composite HOMO → LUMO and HOMO-1 → LUMO-1 transition in 2-TMS undergoes a red shift and an increase in oscillator strength (λ = 343 nm, = 0.054). However, in this complex, there is also a considerably brighter transition at 320 nm, corresponding to a redistribution of electron density from the HOMO to the LUMO+2 and LUMO+3 orbitals, and it is this excitation which makes the largest contribution to the longwavelength tail feature in the simulated spectrum. The oscillator strength of this transition, however, is still an order of magnitude smaller than the HOMO-LUMO transition in M3.
Model
EH-L / eV
In summary, the computational modelling presented here confirms the key inferences drawn from the optical spectroscopy, and confirms (1) that the frontier orbitals in the 2-substituted carbazole ligands are more delocalised than those in the 3-substituted analogues, and (2) that the red shift and enhancement of the absorption in the Pt(II) complexes can be explained by delocalisation of the ligand HOMO orbitals across the Pt centres.
CONCLUSION
We have synthesized and characterized a series of acetylide-functionalized carbazole ligands and Pt(II) mono-, di-and poly-ynes incorporating 2-, 3-, 3,6-and 2,7-carbazole spacer groups. We have reported crystal structures of several of these precursors and model compounds, providing insight into possible intermolecular interactions in the polymeric systems, viz. hydrogen bonding between the carbazole N-H and alkyne groups on neighbouring molecules, which may be mediated by included solvent molecules. This study has also shed valuable light on the relationship between molecular and electronic structure in this family of systems, in particular showing that there is a significantly higher degree of electronic delocalisation within the complexes and polymers with the 2-and 2,7-functionalised ligands compared to those with the 3-and 3,6-substituted ones, which leads to a marked red shift in the absorption spectra.
Incorporation of the carbazole ligands into Pt(II) complexes produces a further red shift
and an enhancement of the low-energy absorption profile, which can be explained by electronic delocalisation between ligands across the Pt(II) centres. These hypotheses have been confirmed both spectroscopically and using computational modelling.
Organometallic rigid-rod polymers based on carbazole-2,7-diyl units are expected to display enhanced electron transport within the chains, whereas polymers based on the carbazole-3,6-diyl analogue are expected to show poorer transport properties. The systematic study carried out in this work should assist in the future rational design of conjugated Pt(II) poly-ynes with improved optoelectronic properties for a range of technological applications.
EXPERIMENTAL SECTION General procedures
All reactions were performed under a dry Ar atmosphere using the standard Schlenk technique. Solvents were pre-dried and distilled before use according to standard procedures. 23 Caution: All chemicals used in the current work are sensitive to skin, eyes and respiratory system. Therefore, all reactions were performed in well-ventilated fume hood.
Inhalation of silica/alumina and low boiling solvents like dichloromethane and hexane may cause injuries to internal organ. Safety glasses, gloves, masks and lab coats were worn during the experiments.
Ligand synthesis
2,7-Dibromo-N-(2-ethylhexyl)carbazole, 3b
A mixture of 2,7-carbazole 3a (1.00 g, 3.08 mmol) and potassium tert-butoxide (KO t Bu) (0.415 g, 3.70 mmol) in dry THF (80 mL) was placed in a two-necked flask and stirred at room temperature for 20 minutes under an Ar atmosphere. 2-ethylhexyl bromide (0.640 mL, 3.70 mmol) was added to the reaction mixture, which was then refluxed overnight.
After removing the solvent, the crude product was purified using a silica-gel column eluted with hexane, yielding a white solid (1.32 g, 97.8 % 
3,6-Dibromo-N-(2-ethylhexyl)carbazole, 4b
The same procedure as used to synthesize 3b using 3,6-dibromocarbazole 4a was followed. 
2-(Trimethylsilyl)-9H-carbazole, 1-TMS
To a solution of 2-bromocarbazole 1 (1.00 g, 4.06 mmol) in 
C NMR (176
MHz, CDCl3, ppm):  140. 24, 139.03, 132.27, 126.55, 123.76, 123.10, 120.71, 120.25, 120.14, 119.94, 114.32, 110.85 (aromatic) 
3-(Trimethylsilyl)-9H-carbazole, 2-TMS
A similar procedures to that used for the synthesis of 1-TMS was adopted using 3-bromocarbazole 2. 
2,7-Bis(trimethylsilylethynyl)carbazole, 3a-TMS
A similar procedures to that used for the synthesis of 1-TMS was adopted using 3,6-dibromocarbazole 3 (1.20 g, 3.69 mmol), CuI (7 mg 
3,6-Bis(trimethylsilylethynyl)carbazole, 4a-TMS
A similar procedure to that adopted for the synthesis of 1-TMS was adopted using 3,6-dibromocarbazole 4a afforded a pale yellow solid (60.1 %). IR (CH2Cl2) 
2,7-Bis(trimethylsilylethynyl)-N-(2-ethylhexyl)carbazole, 3b-TMS
A similar procedure to that followed in the synthesis of 1-TMS was adopted using 3b afforded a pale yellow solid (71 %). IR (CH2Cl2): ν / cm -1 2151 (-C≡C-). 
3,6-Bis(trimethylsilylethynyl)-N-(2-ethylhexyl)carbazole, 4b-TMS
A similar procedure to that used in the synthesis of 1-TMS were followed using 4b 1H, H-3), 7.08 -7.00 (m, 2H, H-6, 7), 3.06 (s, 1H, CC-H).
13
C NMR (100 MHz, CDCl3, ppm):  135. 52, 133.43, 131.14, 126.05, 125.63, 124.10, 123.22, 121.98, 120.15, 118.52, 114.31, 112.53 (aromatic) 
3-(Ethynyl)-9H-carbazole, L2
A similar procedure to the one followed for the synthesis of L1 was adopted using 2-TMS afforded a pale yellow solid (87.6 %). IR (ATR, diamond):  / cm -1 2108 (-C≡C-), 3300 (C≡C-H 
2,7-Bis(ethynyl)carbazole, L3a
A similar procedure to that used to synthesize L1 was adopted using 3a-TMS afforded a 15, 138.81, 125.39, 123.90, 122.93, 121.78, 120.23, 119.50, 114.57, 113.68, 110.62, 109.26 (aromatic), 86.75, 84.29(-C≡C-) . ESI-MS: m/z 216.1 (M + ). Anal.
Calc. for C16H9N: C, 89.28; H, 4.19, observed: C, 89.70; H, 4.26 %.
2,7-Bis(ethynyl)-N-(2-ethylhexyl)carbazole, L3b
A similar procedure to that followed to synthesize L1 was adopted using 3b-TMS (alkyl CH), 30.87, 28.64, 24.37, 23.06 (alkyl CH2), 14.02, 10.92 (alkyl CH3 %.
3,6-Bis(ethynyl)carbazole, L4a
A similar procedure as was used to synthesize L1 was followed using 4a-TMS afforded the product as a colorless microcrystalline solid (98.3 %). IR (CH2Cl2) 
3,6-Bis(ethynyl)-N-(2-ethylhexyl)carbazole, L4b
A similar procedure to that used in the synthesis of L1 was followed using 4b-TMS 137.63, 132.49, 130.10, 123.22, 122.83, 120.95, 120.02, 119.46, 117.46, 113.01, 112.31 (aromatic), 106.56, 89.91 (-C≡C-), 48.10 (N-CH2), 40.32 (CH), 30.95, 28.62, 24.41, 22.94 (alkyl CH2), 14.97, 11.24 (alkyl CH3) . ESI-MS: m/z 327.97 (M + ). Anal. Calc. for C24H25N: C, 88.03; H, 7.70, observed: C, 88.14; H, 7.65 %.
Synthesis of Pt(II) mono-, di-and poly-ynes
Trans-[R-C≡C-(PEt3)2Pt-Ph] (R = Carbazole-2-yl), M1
To a stirred mixture of L1 (0.100 g, 0.522 mmol) and trans- [Ph(PEt3) Hz, 1H, H-5), 7.92 (s, 1H, 7.88 (d, J = 8.0 Hz, 1H, 3H, and Hortho of Ph), 7.20 (dd, J = 13.8, 7. 139.90, 139.87, 139.37, 136.94, 128.02, 127.45, 127.20, 125.24, 123.84, 123.48, 122.04, 121.36, 120.74, 120.08, 119.78, 119.46, 113.17, 113.09 (aromatic), 111.26, , 7.20, observed: C, 63.80; H, 7.22 %.
Trans-[R-C≡C-(PEt3)2Pt-C≡C-R] (R = Carbazole-2-yl), M2
A similar procedure as was used in the synthesis of M1 was followed using L1 ( (d, J = 7.7 Hz, 2H, 4'), 7.43 (dd, J = 14.6, 8.1 Hz, 2H, 8'), 7.20 (t, J = 7.4 Hz, 4H, 6', 7, 7'), 7.14 (d, J = 8.0 Hz, 2H, H-3, 3'), 5.28 (s, 2H, NH, NH'), 1.31 -1.25 (m, 12H, PCH2), 1.16-1.08 (m, 18H, CH3). 13 C NMR (176 MHz, CDCl3, ppm):  139.94, 139.75, 136.13, 134.25, 129.84, 127.66, 125.56, 125.42, 123.71, 123.38, 123.25, 121.30, 120.19, 120.16, 119.90, 119.86, 119.54, 112.67 (aromatic), 110.56, (alkyl CH3 
Trans-[R-C≡C-(Bu3P)2Pt -C≡C-R] (R = Carbazole-2-yl), M3
A similar procedure as was used in the synthesis of M1 was followed using L1 (0.100 g, Hz, 2H, H-4, 4'), 7.94 (s, 2H, 1'), 7.89 (d, J = 8.0 Hz, 2H, 5'), 7.39 (d, J = 7.9 Hz, 2H, 8'), 7.35 (dd, J = 15.1, 7.2 Hz, 2H, 3'), 7.19 (t, J = 8.1 Hz 4H, 6, 6', 7, 7' ), 5.29 (br s, 2H, NH, NH'), 1.72 -1.42 (m, 36H, alkyl CH2), 0.94 (m, 18H, alkyl CH3).
13
C NMR (176 MHz, CDCl3, ppm):  139.80, 139.76, 126.88, 125.33, 123.77, 123.42, 120.88, 120.09, 119.76, 119.81, 112.80, 110.50 (aromatic), 110.08, 108.19, 108.11, for C52H70N2P2Pt: C, 63.72; H, 7.20, observed: C, 63.90; H, 7.21 %.
Trans-[R-C≡C-(PEt3)2Pt-Ph] (R = Carbazole-3-yl), M4
A similar procedure to that used to synthesize M1 was followed using L2 afforded a pale 1156.88, 139.93, 139.44, 137.38, 129.61, 128.00, 127.65, 127.38, 125.95, 125.72, 123.47, 123.39, 122.44, 121.25, 120.93, 120.46, 119.55, 119.33 (aromatic), 110.71, 110.65, 110.20, 109.31 (-C≡C-), 15.43-13.45 (PCH2), 8.28 -7.85 (alkyl CH3). 31 
Trans-[R-C≡C-(PEt3)2Pt-C≡C-R] (R = Carbazole-3-yl), M5
A similar procedure to the synthesis of M2 using L2 afforded a pale yelllow solid ( (d, J = 7.6 Hz, 2H, 5'), 4H, 1', 8, 8'), 7.37 (d, J = 7.9 Hz, 2H, H-2, 2'), 4H, 6', 7, 7'), 5.22 (s, 2H, NH, NH'), 12H, PCH2), 18H, alkyl CH3 ).
13
C NMR (176 MHz, CDCl3, ppm):  139.96, 137.72, 137.57, 136.23, 134.52, 134.38, 134.33, 134.29, 134.25, 134.04, 130.30, 130.05, 129.84, 129.54, 129.39, 127.89, 127.82, 127.66, 125.97, 125.83, 123.43, 123.28, 122.54, 120.47, 119.57, 119.45 (aromatic), 110.70, 110.68, 110.35, 
Trans-[R-C≡C-(Bu3P)2Pt-C≡C-R] (R = Carbazole-3-yl), M6
A similar synthesis to that used to prepare M3 was followed using L2 afforded a pale 137.48, 137.43, 129.48, 129.35, 125.77, 123.38, 122.60, 122.46, 120.85, 120.72, 120.34, 119.44, 110.70, 110.19, 109.35 (aromatic) 
Trans-[(Ph)(Et3P)2Pt-C≡C-R-C≡C-Pt(PEt3)2(Ph)] (R = Carbazole-2,7-diyl), M7
The compound was prepared as previously reported. The compound was prepared as previously reported. 11f 1 H NMR (250 MHz, CDCl3, ppm): 28, 137.95, 128.91, 127.98, 126.89, 126.25, 123.42, 122.41, 122.21, 121.96, 121.35, 120.63, 120.13, 110.92 (aromatic), 110.20, 109.67, 109.29, 52.42, 46.66, 46.52, 38.35, 38.32, 29.97, 29.94, 28.70, 27.81, 27.74, 23.34, 22.03, 21.99, 21.70 (alkyl CH2), 14.23, 14.14, 14.04, 13.13, 13.03, 12.99, 9.88, 9.86, 7.09, 6.82 (alkyl CH2 
Trans-[(Bu3P)2Pt-C≡C-R-C≡C-]n (R = Carbazole-2,7-diyl), P1
The compound was prepared according to the previously-reported procedure. 
Trans-[-(Bu3P)2Pt-C≡C-R-C≡C-]n (R = N-(2-ethylhexylcarbazole-2,7-diyl)), P2
Trans-[-(Bu3P)2Pt -C≡C-R-C≡C-]n (R = Carbazol-3,6-diyl), P3
The compound was prepared following the previously-reported procedure. 
Trans-[-(Bu3P)2Pt-C≡C-R-C≡C-]n (R = N-(2-ethylhexylcarbazole-3,6-diyl)), P4
The poly-yne was synthesised by mixing L4b (0.100 g, 0.305 mmol), trans- 07, 127.93, 123.10, 121.53, 121.22, 118.51 (aromatic), 108.27, 46.27 (NCH2), 38.35 (alkyl CH), 29.94, 28.70, 27.74, 25.44, 25.34, 25.12, 23.52, 23.49, 23.45, 23.34, 23.09, 22.99, 22.89, 22.05 (alkyl CH2), 13.02, 12.92, 12.86, 9.90 (alkyl CH3 
X-ray crystallography
The crystals of 3a-TMSA, 4a-TMSA, M3 and M7 were mounted in inert oil on glass fibres. Data were measured using Mo-K radiation ( = 0.71073 Å) with a Bruker Kappa CCD diffractometer or a Agilent Gemini A-Ultra diffractometer (for M3) both equipped with an Oxford Cryostream low-temperature attachment. Structures were solved by direct methods (SHELXS-86) 27 and subjected to full-matrix least-squares refinement on F 2 (SHELXL-97). 28 In both M3 and M7, there was extensive disorder in the alkyl groups of the phosphine ligands, and in M7 two orientations of one of the terminal phenyl groups were also observed. These features were modelled over two or three sites using partial occupancies, summed to unity, and additional constraints were placed on the bond parameters to maintain reasonable bond lengths and angles. In M7 the two partiallyoccupied phenyl-ring positions were restrained using the FLAT command. Except for some of the disordered carbon atoms in the alkyl chains of the phosphine ligands, all the non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included using rigid methyl groups or a riding model and, again, partial occupancies were included as appropriate. Refinement continued until convergence was reached, and in the final cycles of refinement a weighting scheme was introduced that afforded a relatively flat analysis of variance.
Molecular-weight measurements
Molar masses were determined by gel-permeation chromatography (GPC), 29 
Computational modelling
Molecular quantum-chemical calculations were carried out using the density-functional theory (DFT) formalism, as implemented in the NWChem code. 30 The B3LYP hybrid functional 31 was used in conjunction with Pople split-valence basis sets 32 of 6-31g and 6-31g** quality for the H and non-H atoms, respectively, and the LANL2DZ pseudopotential 33 and corresponding double-zeta basis set were used to describe Pt. The convergence tolerances for the optimisation of the electronic wavefunctions were set to 10 -6 , 10 -5 and 5 × 10 -4 a.u. on the total energy, density and gradients, respectively. The geometries of the four initial models were optimised until the maximum and root-meansquare (RMS) gradients on the ions were less than 4.5 × 10 -4 and 3 × 10 -4 a.u., respectively, and the maximum RMS Cartesian steps in the last iteration fell below 1.8 × 10 -3 and 1.2 × 10 -3 a.u. The minima were then verified by computing the vibrational frequencies using analytical gradients; during these calculations, the tolerances on the energy, density and gradients during the electronic minimisation were tightened to 10 -8 , 10 -6 and 10 -5 a.u., respectively. Finally, time-dependent DFT (TD-DFT) calculations were carried out on the optimised models using adiabatic B3LYP. The 50 lowest-lying singlet (spin-allowed) and triplet (spin-forbidden) electronic excitations were computed, and the former were used to generate a simulated UV/vis absorption spectrum according to the 
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